Pyruvate kinase is an enzyme that catalyzes the conversion of phosphoenolpyruvate and ADP to pyruvate and ATP in glycolysis and plays a role in regulating cell metabolism. There are four mammalian pyruvate kinase isoforms with unique tissue expression patterns and regulatory properties. The M2 isoform of pyruvate kinase (PKM2) supports anabolic metabolism and is expressed both in cancer and normal tissue. The enzymatic activity of PKM2 is allosterically regulated by both intracellular signaling pathways and metabolites; PKM2 thus integrates signaling and metabolic inputs to modulate glucose metabolism according to the needs of the cell. Recent advances have increased our understanding of metabolic regulation by pyruvate kinase, raised new questions, and suggested the possibility of non-canonical PKM2 functions to regulate gene expression and cell cycle progression via protein-protein interactions and protein kinase activity. Here we review the structure, function, and regulation of pyruvate kinase and discuss how these properties enable regulation of PKM2 for cell proliferation and tumor growth.
Introduction
Warburg, who first reported metabolic alterations in cancer tissue [1] , argued that cancer was rooted in metabolic derangement due to loss of cellular respiratory capacity [1, 2] . Crabtree concurrently demonstrated a greater range of metabolic phenotypes across a broad array of tumor types, and noted that some tumors have high respiration rates [3] . These observations laid the foundation for later research on the proliferative metabolism of cancer cells, but a concrete connection between carcinogenic events and altered glucose metabolism was not possible until a role for oncogenes, protein kinases, and intracellular signaling pathways in driving cancer was defined decades later. In 1980, Eigenbrodt speculated that pyruvate kinase M2 (PKM2) was phosphorylated and inactivated by various newly-discovered protein kinases, including the src protein tyrosine kinase [4] . Eigenbrodt also suggested that inhibition of the pyruvate kinase step in glycolysis is necessary for channeling of metabolites into the pentose phosphate pathway to support nucleotide biosynthesis required by a rapidly dividing cell [5] . These two ideas -the connection of PKM2 to both cancer signaling and cancer metabolism -set the stage for current work on how PKM2 impacts cancer biology. Attention was increased because PKM2 is expressed in essentially all human cancers, and efforts have been made to use PKM2 as a cancer biomarker [6] . A direct connection between PKM2 and oncogenic signaling was made when it was shown that PKM2 interacts with peptides and proteins phosphorylated on tyrosine residues in the context of a src-like motif, and that these interactions facilitate tumor growth by inhibiting the enzyme to promote anabolic metabolism [7] [8] [9] [10] . These observations provided a foundation for study of the metabolic needs of proliferating cells and informed efforts to understand how oncogenic signaling modulates metabolism to support the growth and survival of cancer cells.
Pyruvate kinase isoform nomenclature and expression patterns
There are four mammalian pyruvate kinase isoforms (PKM1, PKM2, PKR, PKL), and each isoform has had multiple designations over time in the literature [11] . Although a tissue may express more than one pyruvate kinase isoform, individual cells generally express only one isoform at appreciable levels; most adult tissues express PKM2, and expression of the other three isoforms is restricted to distinct tissues and cell types [12] [13] [14] . The PKM1 isoform is found in tissues with high catabolic demand, such as muscle, heart, and the brain. PKL is the major isoform in the liver and a minor isoform in the kidney, which also expresses PKM2. PKR is found exclusively in red blood cells. PKM2 is the embryonic isoform and is expressed in cancer. PKM2 is also expressed in normal proliferating cells, such as lymphocytes and the cells of the intestinal epithelium [13, 15] , but lack of proliferation does not necessarily mean lack of PKM2 expression. For example, primary mouse embryonic fibroblasts retain PKM2 expression even upon replicative senescence, PKM2 is expressed in quiescent T cells, and PKM2 is found in many differentiated tissues, including white adipose tissue and the lung [13, 16, 17] .
3. Pyruvate kinase genes, protein structure, and function
Alternative splicing of the PKM gene
The PKM gene is alternatively spliced to generate transcripts encoding either PKM1 or PKM2 (Figure 1 ). The human, rat, and mouse PKM genes each have 12 exons [18, 19] . The 9 th and 10 th exons are of identical length and are isoform-specific: exon 9 is specific to PKM1, exon 10 is specific to PKM2, and only one of the two exons is included in the properly-spliced final transcript. Therefore, splicing to produce PKM2 transcript requires repression of exon 9 and inclusion of exon 10 in the mature transcript ( Figure 1 ). Three splicing factors -polypyrimidine tract binding protein (PTB), heterogeneous nuclear ribonucleoprotein A1 (hnRNPA1), and heterogeneous nuclear ribonucleoprotein A2 (hnRNPA2) -act downstream of oncogenic signaling to repress inclusion of exon 9 [16, 20] , while the serine/arginine-rich splicing factor 3 (SRSF3) binds within exon 10 to promote its inclusion in the transcript [21] . How mRNA splicing is controlled to generate a PKM1 transcript is much less well understood, in large part because PKM1 is normally only expressed at appreciable levels in differentiated tissues. Even the A172 glioblastoma cell line, which has been used to study PKM1 expression, expresses mostly PKM2 with only 5-15% of total PKM transcript being PKM1 [16, 21, 22] . Knockdown of the repressive factors (PTB, hnRNPA1, and hnRNPA2) in cell lines that normally express PKM2 facilitates an increase in PKM1 transcript production, but even these conditions result in <50% of PKM transcripts encoding PKM1 [16, 20] . Similarly, a mixture of PKM1 and PKM2 mRNAs is produced in SRSF3-knockdown cells [21] . A reduction in hnRNPA1 levels can also shift binding of this factor from exon 9 to exon 10 and contribute to exon 10 exclusion, thereby promoting PKM1 expression [23] . These studies argue that in the absence of factors that repress exon 9 inclusion, PKM1 may be the default splice product generated from premRNA transcribed from the PKM gene. However, because studies of PKM mRNA splicing have focused primarily on cancer cells, it remains to be determined which regulatory elements determine exclusive PKM1 expression in cell types such as myotubes, skeletal muscle, or neurons that normally express only this isoform. Such regulatory elements would be expected to repress inclusion of exon 10 and/or actively promote inclusion of exon 9.
Protein structure of PKM1 and PKM2
Mammalian pyruvate kinase is a tetrameric protein of identical subunits, which are arranged in a dimer-of-dimers configuration ( Figure 2 ). Each monomer contains one active site and is composed of three main domains -designated A, B, and C -plus a small N-terminal domain [24, 25] . The A domain is the largest domain and is a symmetric α 8 /β 8 TIM barrel. The active site is located at one end of the barrel, in a cleft between the A and B domains. The B domain is mobile and closes on the active site upon binding of the Mg 2+ -ADP substrate complex [26] . The C domain is found on the opposite side of the A domain and contains the fructose-1,6-bisphosphate (FBP) binding pocket present in the PKM2, PKL, and PKR isoforms [27, 28] . FBP is a major allosteric activator of PKM2, PKL, and PKR and its function in regulating PK activity is discussed in section 3.4. The C domains form the dimer-dimer interface of the fully-associated tetramer, and the amino acids encoded by the alternatively spliced exon that distinguishes PKM1 from PKM2 are located in the C domain ( Figure 3 ). Thus, differences in amino acids located at the dimer-dimer interface are responsible for differences in FBP binding and allosteric regulation of the PKM1 and PKM2 isoforms [28] .
Pyruvate kinase is most active as a tetramer. Experiments involving progressive chaotropic denaturation of PKM1 -a constitutive tetramer -show that PKM1 dimers retain catalytic activity, but that monomers are inactive [29] . Unlike PKM1, PKM2 is not a constitutive tetramer; the PKM2 isoform is subject to reversible dissociation and inactivation when diluted in the absence of FBP [30] . When dissociated in the absence of FBP, the specific activity of PKM2 falls to only ~4% of that found in an FBP-activated tetramer [30] . Reversible activation of PKM2 by FBP allows dynamic regulation of its enzymatic activity, and this mode of regulation is conserved among most pyruvate kinases from bacteria and unicellular eukaryotes to metazoans.
Mechanism of catalysis
Pyruvate kinase catalyzes the direct transfer of phosphate from phosphoenolpyruvate (PEP) to ADP to produce ATP and pyruvate. This reaction is favorable due to the high energy of hydrolysis of PEP [31] . During catalysis, the active site is occupied by both substrates (PEP and ADP, which is complexed with Mg 2+ ), one monovalent cation and one additional enzyme-bound divalent cation [32] . The latter two metal ions assist with substrate binding and coordination, and a catalytic lysine residue stabilizes the pentacoordinate transition state that exists as the phosphate is transferred directly from PEP to ADP. The conserved catalytic lysine is found at position 270 in mammals, 240 in S. cerevisiae, and 221 in Bacillus; substitution of the catalytic lysine with methionine in these proteins produces a properlyfolded but catalytically-inactive version of the enzyme [33] [34] [35] .
Transfer of the phosphate from PEP to ADP leaves the energetically less-stable enol form of pyruvate bound in the active site [36] . Tautomerization of enolpyruvate to the more stable keto form of pyruvate contributes to the favorable energetics of phosphate transfer from PEP to ADP. Tautomerization occurs when enolpyruvate accepts a proton from a water molecule that is held in position by conserved active site residues (T328 and S362 in humans) [27, 37, 38] . Following catalysis the products leave the active site, and neither substrate binding nor release of products is thought to be ordered [39] .
In addition to using ADP as a substrate, PKM1 has been shown to accept other nucleotide substrates in vitro, including GDP, IDP, UDP, dADP, and CDP (in order of decreasing affinity) [40] . Compared to ADP, the enzyme displays a four-fold increase in K m for GDP [41] , and a 15-fold increase in K m for dADP [40, 41] . Given the low affinity of PKM1 for substrates other than ADP and the relative abundance of ADP in the cytosol, the use of substrates other than ADP by PKM1 in cells is likely quite low. Less data for PKM2 is available, but PKM2 also exhibits decreased activity when presented with GDP and UDP [42] . Furthermore, the active site of PKM2 shares both primary and tertiary structure with the active site of PKM1 [43] , making it likely that PKM1 and PKM2 exhibit similar nucleotide substrate specificities.
Kinetics and allosteric effectors
Mammalian pyruvate kinase isoforms exhibit similar kinetic parameters with respect to ADP, but they differ in their kinetics and allosteric regulation with respect to PEP [11, 13, 27, [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] . ADP is bound non-cooperatively and with high affinity by all pyruvate kinase isoforms, and this binding is generally insensitive to allosteric effectors. Most regulation of pyruvate kinase activity occurs via changes in PEP binding affinity. In the absence of allosteric activators the PKM2, PKL, and PKR tetramers have low affinity for PEP and exhibit positive cooperativity of PEP binding. The affinity of the enzyme for PEP at low PEP concentrations can be increased by binding of fructose-1,6-bisphosphate (FBP), an upstream glycolytic intermediate that is also thought to be the major allosteric activator of pyruvate kinase [56, 59] . Each PKM2, PKL, and PKR subunit contains one binding site that is specific for FBP and distinct from the active site ( Figure 2 ); FBP binding acts at a distance to increase PEP binding affinity, promote tetramerization, and stabilize the enzyme tetramer in the active state. PKM1 does not bind FBP due to structural differences at the FBP binding pocket [27] ; however, the PKM1 isoform naturally exists as a stable tetramer that has high constitutive activity rendering it insensitive to most of the allosteric effectors that act on PKM2, PKR, and PKL [43] . PKM1 and FBP-activated PKM2 have almost identical kinetic parameters [51] , and both are locked into the same three-dimensional conformation [43] with the only structural differences occurring in areas of the protein that are encoded by isoform-specific exons: the FBP binding site and dimer-dimer interface ( Figure 3 ).
Apart from FBP, PKM2 activity is regulated allosterically by numerous small molecules and metabolites [5, 6, 43] . While many metabolites have been shown to have some effect on PKM2 activity [43] , most of these effects are modest and require high concentrations, calling into question their importance for the physiological regulation of PKM2. Some of the best-studied allosteric regulators are amino acids and other non-glycolytic metabolites, which together allow coordination of PKM2 activity with metabolic fluxes in other pathways.
The allosteric inhibitor phenylalanine (Phe) reduces both PKM1 and PKM2 activity by decreasing affinity of the enzyme for PEP [60] [61] [62] . The Phe binding site is distinct from both the active site and the FBP binding site (Figure 2 ), and FBP can only partially activate Phe-bound PKM2 [63, 64] . Structural studies suggest that Phe binding stabilizes the tetramer in an inactive state, where the active site cleft is held in an open conformation [43] . This tetramer-stabilizing effect of Phe is demonstrated by greater resistance of Phe-bound PKM1 to chaotropic denaturation [65] . Phe binding thus does not oppose the tetramerpromoting activity of FBP, but rather stabilizes a pyruvate kinase tetramer in a less-active state.
The phenylalanine binding site can also be occupied by alanine [63] , which is an allosteric inhibitor of PKM2 but not PKM1 [43] . In contrast to inhibition by phenylalanine, alanine inhibition appears to favor PKM2 dissociation to a dimeric form. Consistent with the ability of FBP to stabilize PKM2 tetramers, alanine inhibition can be fully overcome by FBP [66, 67] . Serine binds in the same pocket as alanine and phenylalanine, but serine acts as an allosteric activator of PKM2 [17, 68] with a reported AC 50 of 1.3 mM [69] . Serine and alanine compete with phenylalanine for binding to PKM1 [63] , but the effect of combinations of these allosteric effectors on PKM2 has not been explored.
The thyroid hormone triiodo-L-thyronine (T3) is an allosteric inhibitor of PKM2; it binds to the monomeric form of PKM2 and stabilizes the enzyme in its inactive, monomeric state [30, 43] . PKM2 inactivation by T3 is overcome in the presence of FBP, as FBP binding promotes tetramerization of the enzyme. T3 has a similar inhibitory effect on PKR [70] , although the binding location of T3 on both isoforms is unknown.
PKM2 is activated by succinylaminoimidazolecarboxamide ribose-5′ phosphate (SAICAR), an intermediate metabolite in the de novo purine synthesis pathway [71] . Activation of PKM2 by SAICAR was first reported to occur during glucose starvation. The ability of SAICAR to activate pyruvate kinase is specific to PKM2, as SAICAR does not activate PKM1, PKL or PKR [71] . The reported EC 50 for SAICAR activation of PKM2 is 300 μM; however, in vitro phosphorylation of PKM2 by ERK1/2 can increase affinity of PKM2 for SAICAR and lower the EC 50 to 12 μM [72] . ERK-dependent phosphorylation occurs on PKM2 S37 [73] , but both the location of the SAICAR binding site and how S37 phosphorylation affects PKM2 conformation are unknown. ERK-dependent SAICAR activation is reported to occur during conditions that favor cell proliferation, and it is posited to be important for sustained proliferative signaling involving PKM2 activity as a protein kinase [72] . This non-canonical protein kinase activity of PKM2 is discussed in section 4.3.
A number of synthetic small molecule allosteric activators of PKM2 have been identified through efforts to screen for modulators of enzyme activity [64, [74] [75] [76] [77] . These activators all have EC 50 values in the low nanomolar range, and structures of PKM2 crystalized with bound activator show that the activators bind at the subunit interface of the tetramer, with one binding site per dimer (Figure 2 ) [64, 76, 78] . This site is distinct from where other endogenous allosteric PKM2 modulators interact with the enzyme. Whether an endogenous ligand can occupy this same site is unknown. This binding modality likely differs from that of synthetic small molecule pyruvate kinase activators that target the yeast enzyme, as those activators are predicted to occupy the same site as FBP [79] .
Oxalate can activate pyruvate kinase by yet another mechanism, via an interaction at the catalytic pocket. Oxalate is an analog of enolpyruvate and functions as a competitive inhibitor of pyruvate kinase [80] ; however, at sub-saturating PEP concentrations, relatively low concentrations of oxalate can activate PKM2 by contributing to the positive cooperativity of PEP binding [27] .
Regulation of PKM2 activity by intracellular signaling
PKM2 activity can be reduced by phosphotyrosine growth signaling in the cell [8, 81] .
Interactions between PKM2 and phosphotyrosine-containing proteins and peptides cause PKM2 to release bound FBP. The phosphorylated protein inducing FBP release can be PKM2 itself [9] , or any other protein with a phosphorylated tyrosine in a src-like motif that is a predicted target of many growth factor signaling proteins [8] . Because a tyrosine phosphorylated protein can interact with many PKM2 tetramers to release FBP, this allows relatively low stoichiometry of tyrosine phosphorylation to regulate PKM2 activity despite high PKM2 abundance. The interactions of PKM2 with negatively-charged phosphotyrosine depend on K433, a positively-charged amino acid located at the FBP binding site [8] . The side chain of K433 interacts directly with a phosphate group of bound FBP [27] . Interactions of PKM2 with phosphotyrosine promote FBP release in part by interfering with the PKM2-FBP interaction [8] . A K433E substitution is reported to disallow phosphotyrosine peptide binding and FBP release but not affect FBP binding [8] . A peptide containing phosphotyrosine was shown to bind to PKM2 by fluorescence polarization; this binding could be outcompeted by high levels of FBP, suggesting that FBP and phosphotyrosine peptides may bind competitively [82] . In vivo interactions between PKM2 and other proteins that are phosphorylated on tyrosine residues are likely transient, as a dominant phosphorylated binding partner has not been reported outside of specific contexts.
PKM2 is subject to direct phosphorylation on tyrosine residues, including Y105, allowing phosphorylated PKM2 to play a role in inactivating other PKM2 tetramers by stimulating FBP release [9] . Given that the apparent AC 50 of FBP for PKM2 (7 μM ) is approximately an order of magnitude lower than the reported FBP concentration in mammalian cells (80 μM) [43, 83, 84] , sustained phosphotyrosine signaling would be needed to inactivate PKM2 by continually catalyzing FBP release. PKM2 would be expected to bind FBP and enter an active conformation once the growth signal has been withdrawn and phosphotyrosine levels fall. This regulation of PKM2 activity ensures that PKM2 activity is reduced only when growth signaling is active in the cell, effectively coupling the regulation of glucose metabolism to active tyrosine kinase-mediated signaling.
PKM2 is also subject to additional post-translational modifications that directly affect enzyme activity. Acetylation of PKM2 K305 occurs under nutrient-replete conditions and reduces pyruvate kinase activity by both lowering affinity for PEP and triggering degradation of the enzyme itself [85] , and acetylation of PKM2 K433 disrupts FBP binding and reduces enzyme activity [86] . PKM2 activity is also reduced by oxidation of C358 by reactive oxygen species [87] , and additional modifications such as prolyl-hydroxylation have also been reported [34] . These modifications appear to represent another way to affect PKM2 activity and coordinate the metabolic response to changing cell states.
Heterotetramerization of pyruvate kinase isoforms
In vitro experiments showed that PKM1 and PKL subunits are capable of forming functional heterotetramers [48] and PKM1 and PKM2 subunits also heterotetramerize [78] . Isolation and kinetic characterization of individual PKL-PKM1 heterotetramer species showed that increasing numbers of PKM1 subunits serve to progressively stabilize the tetramer in an active conformation, as supported by a progressive reduction in K m for PEP and reduction in cooperativity with respect to PEP binding [48, 50] . The distribution of heterotetramer species obtained from these experiments is consistent with random assortment of individual PKM1 and PKL monomers into all possible heterotetramer species, which indicates a lack of binding preference between the isozymes. The high degree of conservation among vertebrate pyruvate kinase isoforms is further highlighted by the ability of chicken PKM1 to form functional heterotetramers with bovine PKL [47] . This ability to heterotetramerize may explain why most individual cells restrict expression to a single isoform to retain the allosteric regulatory properties of that isoform. However, characterization of the tissue distribution of pyruvate kinase isoforms suggest that pyruvate kinase heterotetramers may exist in select situations in vivo. Co-expression of PKM2 and PKM1 occurs as PKM2 is replaced by PKM1 during development [16] ; PKM1-PKM2 heterotetramers are evident in skeletal muscle and heart during this transition, which can last for several weeks in the rat [12] . Heterotetramers of PKL and PKM2 occur in rat and bovine fetal liver [12] , and PKM1-PKM2 heterotetramers are also observed in bovine Purkinje fibers, great vessels, heart valves [12, 14] . Other adult tissues express more than one pyruvate kinase isoform, but heterotetramers are not observed in most cases, providing biochemical evidence that expression of each isoform is usually restricted to a particular cell type [12] .
The role of PKM2 in cancer 4.1 Metabolic needs of proliferating cells
A proliferating cell must acquire and organize mass to replicate; this requires lipids for new membranes, carbohydrates for protein glycosylation, nucleotide precursors to support DNA replication and provide RNA for new ribosomes, and amino acids and other cellular building blocks [88, 89] . Generating and assembling these building blocks requires ATP; but biosynthesis also requires carbon and nitrogen precursors and the reducing equivalents necessary to process them [89, 90] . De novo lipid synthesis in particular requires significant expenditure of reducing power in the form of NADPH. Anabolic metabolism typically requires shunting of glucose carbon from glycolysis to biosynthetic pathways, most notably the pentose phosphate pathway (PPP). The PPP produces ribose-5-phosphate and phosphoribosyl pyrophosphate (PRPP), which is required for nucleotide biosynthesis. The oxidative PPP also generates reducing equivalents in the form of NADPH. Glucose carbon is shunted from glycolysis for serine and glycine biosynthesis, and dihydroxyacetone phosphate is used to make glycerol-3-phosphate that can be further processed for generation of lipids.
PKM2 favors anabolic metabolism
PKM2 controls the final step of glycolysis, and its regulation serves to integrate intracellular signaling inputs with the metabolic state of the cell. Down-regulation of PKM2 activity, and up-regulation of enzymes committing glucose to glycolysis have been thought to allow the accumulation of phosphorylated glycolytic intermediates, which are then available to spill into branching biosynthetic pathways [5] . Interestingly, cell culture experiments suggest a high ratio of pyruvate kinase activity to phosphofructokinase activity in neoplastic cells [91] , suggesting that an expansion of glycolytic metabolites may not be due to a bottleneck at the pyruvate kinase step. More recent metabolite measurements have not detected significant changes in the pool sizes of glycolytic intermediates as a result of changes in pyruvate kinase activity [10, 78] ; however, it is worth noting that changes in pool sizes do not necessarily correlate with obvious changes in metabolic fluxes [92] [93] [94] . Altering pyruvate kinase regulation in mouse embryonic fibroblasts through forced PKM1 expression arrests cell proliferation and results in discrete changes in metabolism that are limited to serine biosynthesis and nucleotide production. An inability of these cells to make deoxynucleotides appears to be most limiting following inappropriate PKM1 expression, as supplementation with thymine and other DNA bases can partially rescue cell proliferation [10] . These data suggest that the regulation of pyruvate kinase activity in proliferating cells may be particularly important to coordinate glucose metabolism with the synthesis of deoxynucleotides for DNA replication.
Regulation of PKM2 activity by tyrosine kinase signaling is important for metabolic changes that support proliferative metabolism and tumor growth in several contexts [7, 8] .
Oxidation of PKM2 C358 reduces enzyme activity and promotes oxidative PPP flux, which helps to regulate redox status in the cell [87] . A reduction in PKM2 activity can also promote serine biosynthesis and support proliferation in conditions where serine is limiting [64, 95] , and down-regulation of pyruvate kinase activity is important for nucleotide biosynthesis in non-transformed cells [10] . Experiments with small molecule activators of PKM2 showed that artificially increasing intracellular pyruvate kinase activity causes global metabolic changes and has an anti-proliferative effect [64, 76, 78] . The same effect is seen as a consequence of exogenous PKM1 expression, which also increases pyruvate kinase activity within the cell [78, 96] . Despite the utility of PKM2 in contributing to proliferative metabolism regulation, the PKM2 isoform is not required in a mouse breast cancer model [96] . Following PKM2 deletion, pyruvate kinase expression is extremely low in proliferating tumor cells suggesting that low pyruvate kinase activity is important to support cancer cell proliferation in tumors. In contrast, non-proliferating tumor cells were found to express PKM1, arguing that it is the ability to reactivate pyruvate kinase in non-proliferating tumor cells together with the need to inactivate the enzyme in proliferating cells that may be driving selection for PKM2 in cancer. These findings, together with the observation that many human breast cancers express little to no pyruvate kinase argue that PKM2 is not required for the proliferation of all cells. This argument is supported by data from other mouse models [97, 98] . Mutations of PKM2 consistent with decreased enzyme activity are also found in human cancers [96] , raising the possibility that decreased PKM2 activity may provide a selective advantage for some tumor cells. Nevertheless, PKM2 deletion in mouse models of leukemia disrupts metabolism and prolongs disease latency [97] , arguing that complete loss of PKM2 does not provide an advantage in all contexts. The ability of a proliferating cell to regulate pyruvate kinase activity in accordance with cell state appears to be differentially important for cell proliferation in different cancers.
Non-canonical pyruvate kinase functions of PKM2
Recent work has reported non-metabolic functions for PKM2; these activities serve to regulate gene expression or the cell cycle and are based on PKM2 protein-kinase function or protein-protein interactions involving PKM2.
A protein kinase activity of PKM2 has been reported, with PKM2 catalyzing transfer of a phosphate directly from PEP to serine, threonine or tyrosine residues on various protein substrates [72, 99, 100] . The protein kinase activity of PKM2 is competitively inhibited by ADP [72, 100] , which suggests that the active site of PKM2 must accommodate binding of multiple phosphate acceptors, including ADP and target proteins, as well as the phosphate donor, PEP. Published phosphorylation targets include histone H3 T11 [100] , STAT3 Y705 [99] , BUB3 Y207 [101] , MLC2 Y118 [102] , and ERK1, with T202 being the likely residue [72] ; additionally, a study claimed 149 proteins as potential substrates, with 91 of these being protein kinases themselves [72] . How the enzyme maintains selectivity among nucleotide-diphosphate substrates (see section 3.3) while accepting a wide variety of protein substrates at the same site is not clear, and the ability of PKM2 to directly phosphorylate protein using either PEP or ATP as a phosphate donor has been challenged by subsequent work using purified components [103] .
The molecular mechanism underlying the protein kinase activity of PKM2 is unknown, as are the factors regulating the choice of substrate (i.e., ADP vs. protein). Although other PEPdependent protein kinases have not been described in eukaryotes, PEP-dependent phosphorylation of proteins does occur in the bacterial phosphotransferase system, which transfers phosphate from PEP to hexose via a set of phospho-enzyme intermediates [104, 105] . Enzyme I of the phosphotransferase system transfers phosphate from PEP to another protein; however, it shares structural and mechanistic homology with pyruvate phosphate dikinase [106, 107] , and is less informative in the case of PKM2. The possibility of contaminating ATP-dependent protein kinases and ADP, which is readily converted to ATP in the presence of PKM2 and PEP, is an additional factor that can confound the study of independent PKM2 protein kinase activity [103] .
SAICAR, an intermediate in purine nucleotide synthesis, has been reported to activate both the pyruvate kinase and protein kinase activities of PKM2 [71, 72] . Activation of both activities by SAICAR implies that both activities depend on increased affinity of the enzyme for PEP, the phosphate donor. The low μM K m for PEP for the protein kinase activity of SAICAR-activated PKM2 has led to the conclusion that the active protein kinase state is the active, tetrameric R-state of PKM2 [72] . The site of SAICAR binding is unknown, but PKM2 mutants have shown that SAICAR activation is separable from FBP activation, which indicates that these effectors likely bind at different sites [71] . The Q393K substitution renders PKM2 insensitive to SAICAR [71] ; this mutation changes a residue at the novel binding pocket that is bound by multiple classes of small molecule activators [64, 76, 78] , suggesting that SAICAR may modulate the enzyme via an analogous mechanism to stabilize the enzyme tetramer. However, an ability of SAICAR to also promote PKM2 protein kinase activity contradicts other reports that argue PKM2 has protein kinase activity as a dimer [86, 99, 108] . A putative protein kinase activity of the PKM2 dimer is offered as an explanation for why PKM1 lacks protein kinase activity [99, 100, 102, 108] , since the catalytic sites of PKM1 and PKM2 are identical in amino acid sequence and virtually identical in structure when in tetrameric form [43] . The PKM1 isoform and the active tetramer form of PKM2 also exhibit nearly identical kinetic parameters with respect to PEP and ADP [51] . Additional work will be required to reconcile these conflicting observations.
PKM2, but not PKM1, was also reported to activate gene expression by binding to and trans-activating the HIF1α transcription factor in cancer cells [34] and activated macrophages [109] . PKM2 has also been reported to interact with many proteins [6] , including Oct4 [110] and DAPk [111] . In the context of EGFR-driven cancer, PKM2 localizes to the nucleus [73] , where it is reported to play a role in cell cycle progression via β-catenin transactivation [112] and direct phosphorylation of histone H3 [100] , mitotic progression and chromosome segregation via direct phosphorylation of the spindle checkpoint Bub3 [101] , and cytokinesis via direct phosphorylation of MLC2 [102] . Phosphorylation of Bub3 by PKM2 is argued to be a late-evolving mitotic checkpoint, as this mechanism of cell cycle regulation is not found in S. cerevisiae [101] . Less attention has been paid to the role of PKM2 in normal tissues, and understanding the relative importance of both the metabolic and non-metabolic PKM2 functions in various tissues and contexts remains an active area of investigation.
PKM2: some outstanding questions

PKM2 regulation and lactate production: a case for channeling?
Two main fates of pyruvate in catabolic metabolism are reduction to lactate by lactate dehydrogenase (LDH) or oxidation to acetyl-CoA and CO 2 by pyruvate dehydrogenase (PDH). Paradoxically, the level of pyruvate kinase activity in the cell correlates with pyruvate fate in several studies. Increasing pyruvate kinase activity with PKM2 activators or exogenous PKM1 expression favors greater oxygen consumption and reduced lactate production [7, 78] . Conversely, lactate production is increased when PKM2 activity is reduced as a result of intracellular signaling [81] . One explanation for these observations is substrate channeling. For instance, destabilization of the PKM2 tetramer may favor association with LDH and promote conversion of pyruvate to lactate. While cytosolic complexes of multiple glycolytic enzymes have been found [113, 114] , conclusive evidence for channeling of pyruvate to LDH is lacking, and substrate channeling of glycolytic intermediates remains a controversial field with little definitive data [115] . A second hypothesis is that PKM2 activity affects lactate production by causing global changes in the metabolic network. Changes in pyruvate kinase activity affect other metabolic pathways, including the pentose phosphate pathway and serine biosynthesis [10, 64, 87] , and changes in the cytosolic NAD + /NADH ratio can impact pyruvate to lactate conversion by LDH. Analysis of how PKM2 activity influences intracellular metabolic fluxes, and careful characterization of the NAD + /NADH ratio in cells may shed light on how pyruvate kinase activity influences the balance between lactate production and pyruvate oxidation.
Is a product of the PKM gene required?
Gene mapping efforts in mice revealed a spontaneous loss-of-function allele of pyruvate kinase (designated PK-3 r ) [116] . This mutation appeared to be a complete loss-of function because animals heterozygous for the PK-3 r allele retained only 50-60% of normal pyruvate kinase activity in the PKM2-expressing kidney and PKM1-expressing heart [116, 117] . Mice homozygous for the PK-3 r allele were never obtained from heterozygous crosses [116] . Lethality of PK-3 r homozygous embryos occurred around the time of implantation [118] , suggesting that a product of the Pkm gene -or another closely linked gene -is required during embryonic development; unfortunately, the molecular lesion associated with the PK-3 r allele was not characterized beyond mapping, and the mice are no longer in existence. Regardless, the lack of compensatory upregulation of pyruvate kinase expression from the wild-type allele in heterozygous animals indicates a lack of intracellular feedback on expression from the Pkm gene in this setting. While pyruvate kinase acts as the ATP payoff step of glycolysis, there is some evidence for an alternative pathway to convert PEP to pyruvate that does not generate ATP but would be sufficient to allow continued glycolysis [119] . If the lethality of the PK-3 r allele is due solely to loss of pyruvate kinase, an alternative pyruvate kinase activity does not appear capable of replacing PKM2 during embryogenesis. Nevertheless, tumor cells with undetectable levels of pyruvate kinase can be found in vivo [96] . Whether proliferation of these cells relies on an alternative to pyruvate kinase remains to be determined.
Conclusion
Of the four mammalian pyruvate kinase isoforms, PKM2 is most closely associated with proliferation and has been investigated for its role in cancer for almost 40 years. PKM2 is expressed in the developing embryo, in many adult tissues, and in cancer cells, but a full picture of how PKM2 benefits proliferating cells has yet to be painted. PKM2 is also expressed in many non-proliferating tissues, and its role in those contexts is largely unstudied. PKM2 enzymatic activity is heavily regulated by allosteric effectors and intracellular signaling, likely allowing metabolic flexibility and aiding cellular adaptation to changing conditions. Novel, non-canonical functions of PKM2 have also been reported; additional study will be required to fully understand the importance of PKM2 in the contexts of cancer and normal physiology. The ribbon structure of tetrameric PKM2 (PDB 3BJF [8] ) is shown, with a single subunit colored to represent individual domains. The A, B, C, and N-terminal domains are depicted in green, magenta, cyan, and yellow, respectively. Bound ligands are shown as gray spheres. In this structure, the catalytic site is occupied by K + , Mg 2+ , and oxalate (a PEP mimetic), and FBP is bound at its allosteric pocket. The binding site for phenylalanine, alanine, and serine is empty; but this site of amino acid binding between the A and C domains is indicated. The binding site for small molecule activators is also indicated. The endogenous ligand binding in the "activator" site, if any, is unknown.
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